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Ce3+–Nd3+ co-doped Y3Al5O12 (YAG) nanoparticles, an average size of 20–30 nm clusters aggregated by 8–
10 nm YAG nanoparticles, were synthesized by a solvothermal method. When excited by blue irradiation
source, strong and broad yellow luminescence (centered at 526 nm) from Ce3+ as well as near-infrared
(NIR) luminescence (890, 1066 and 1335 nm) of Nd3+ was observed simultaneously. It occurred by the
effective dipole–dipole energy transfer from Ce3+ to Nd3+. Energy transfer efﬁciency from Ce3+ to Nd3+
was also calculated to be 50%. The optical property suggests that Ce3+–Nd3+ co-doped YAG nanoparticles
can be used as an efﬁcient ﬂuorescence imaging agent for not only visual but also near-infrared imaging.
 2015 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
The ﬂuorescent labeling and photoluminescence imaging tech-
nique has improved the development of medical diagnostics
science, understanding of the functional properties of human
organs, and the study of drug delivery in living body [1–3]. How
to design and develop highly sensitive, nontoxic, biocompatible
and multi-band ﬂuorescent labels is the key barrier of the practical
application. Organic dye is the pioneer applicable ﬂuorescent labelwith the disadvantages such as narrow Stokes shifts and low resis-
tance to photobleaching. In the last decade, luminescent semicon-
ductor nanocrystals (or called ‘‘quantum dots (QDs)’’, such as CdS,
CdTe, CdSe) became promising alternatives to organic ﬂuorophores
owing to their continuous absorption proﬁles, high photostability,
and narrow, size-tunable emission peaks [4–6].
Blood and tissue absorb near-infrared ray minimally. So the
emission wavelength of the ﬂuorescent label for in vivo biological
imaging applications should ideally be in a region approximately
700–1100 nm [7]. By altering the QD size and its chemical compo-
sition, ﬂuorescence emission may be tuned from the visible into
the near-infrared spectrum, spanning with a broad wavelength
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tions are controversial due to the inherent toxicity of the elements
they contain, such as cadmium, lead, mercury, selenium and
arsenic. Moreover, the poor stability of most of NIR-emitting QDs
(such as Cd3As2, PbSe) in visible exposition is another limit for
applications [10].
Besides the QDs and organic dye, rare-earth doped nanocrystals,
in the last decade, were also shown to be a promising nanomaterial
for biological imaging applications due to the high chemical stabil-
ity, low toxicity, and tunable optical properties [11–16]. Either
rare-earth doped up-converting nanocrystals [11] or down shifting
nanocrystals [14] have been developed for bioimaging. Owing to
the advantages, such as the deep penetration of NIR radiation
and the absence of autoﬂuorescence of biological tissues, the up-
converting nanocrystals, when excitation or emission wavelengths
are in the NIR ‘‘optical transparency window’’, have been proposed
to be important biological luminescent labels. Unfortunately, up-
converting photoluminescence bases on the multi-photon excita-
tion process, that means the quantum yield of up-converting pho-
toluminescence remains relatively low (1.2% for LiYF4:Er3+
nanocrystals under 1490 nm excitation [15] and 0.47% for
NaLuF4:Yb3+/Tm3+ nanocrystals excited at 980 nm [16]). And the
intensity depends nonlinearly on the excitation power density,
which may limit the application in bio-imaging. The down-con-
verting nanocrystals can be excited with a low-power, incoherent
light source with a higher quantum yield and photoluminescence
intensity than that of up-converting NPs with a low excitation
power.
The Ce3+, Nd3+ co-doped YAG presents quite attractive features
for biological imaging applications. The 5d electron of Ce3+ is not
shielded from the surroundings and has a strong interaction with
the neighboring anion ligands in the pounds. In the YAG host, the
excitation band of Ce3+ is broad, and the excitation wavelength is
in the visible spectrum range of 400 and 520 nm. In this spectrum
range, it avoids the damage to cells and autoﬂuorescence of biolog-
ical tissues. For the spin and parity allowed 4f–5d transition, Ce3+
owns more efﬁcient absorption than other sensitizer which has
partially forbidden f–f transition, such as Tb3+, Tm3+, Pr3+, and have
high luminescent quantum efﬁciency in YAG as high as 20–40%.
For the sensitizer of Nd3+, the Ce3+ absorption cross section is more
than ten times higher than it of Nd3+, and can avoid the presence of
multi-phonon relaxation of Nd3+ in YAG host excited by NIR wave-
lengths [17]. Moreover, the well overlapping between the wide
Ce3+ emission band (ranging from 480 to 700 nm) and some high
absorbing Nd3+ lines makes the possibility of energy transfer from
Ce3+ to Nd3+ [18]. Finally, with the co-doped Ce3+ and Nd3+, emis-
sion band shifts from visible range of Ce3+ to NIR spectrum range
of Nd3+. The stokes shift is enough for observation. Inspired with
these notions, we supposed, the attractive features in nano YAG
co-doped with Ce3+ and Nd3+ is anticipated, which is beneﬁcial
for bioimaging applications. In this work, Ce3+–Nd3+ co-doped
YAG NPs were synthesized by a solvothermal method. With the
blue wavelengths excitation of Ce3+, yellow luminescence from
Ce3+ and NIR luminescence from Nd3+ were observed simultane-
ously. It suggests that Ce3+–Nd3+ co-doped YAG could be used for
visual and NIR band in vivo biological imaging by blue ray which
may not cause damage to the cells.Experimental details
Ce3+–Nd3+ co-doped YAG NPs were synthesized using a modiﬁ-
cated procedure reported by Nyman et al. [19] and Atsushi et al.
[20]. The simpliﬁed preparation process was described as followed.
For synthesis of Y3Al5O12:1% Ce3+, x% Nd3+ (x = 0–2) and
Y3Al5O12:y% Ce3+, 1% Nd3+ (y = 0–2) NPs, corresponding lanthanideacetate hydrates were used. 10 mL diethylene glycol (DEG) were
added into 50 ml 1,4-butanediol (1,4-BD) with magnetic stirring.
Then stoichiometric amounts of aluminum isopropoxide
(Al(Opri)3), yttrium acetate hydrate (Y(CH3COO)3), cerium acetate
hydrate (Ce(CH3COO)3) and neodymium acetate hydrate
(Nd(CH3COO)3) were dissolved into the mixed solution with mag-
netic stirring in a dried and vacuum ﬂask. Then the mixture was
transferred into a 100 ml Teﬂon-lined autoclave, heated to 240 C
and kept at this temperature for 24 h. After cooling to room tem-
perature, the colloidal solution was washed with ethanol and cen-
trifuged for four times. Then the puriﬁed NPs samples were readily
dispersed into water.
The crystalline phases of the samples were investigated by X-
ray powder diffraction (XRD) with a Rigaku D/max 2200
Diffractometer with Cu Ka (k = 1.542 Å) radiation operated at
36 kV and 30 mA. Transmission electron microscopy (TEM) images
were taken on a JEOL JEM-2100 electron microscope. The absorp-
tion spectra were obtained with a HITACHI-4100 spectrophotome-
ter. The UV–visible emission and excitation spectra were obtained
with a HITACHI F-7000 ﬂuorescence spectrophotometer. The ﬂuo-
rescence spectra in the wavelength range of 800–1400 nm were
measured on a ZOLIX SBP300 spectrophotometer with an InGaAs
detector under the excitation of 470 nm laser diode. The lumines-
cent decay curves were detected by Compact Fluorescence Lifetime
Spectrometer C11367. The XPS data were recorded and analyzed
by PHI 5000 Versa Probe II Scanning XPS Microprobe. All the spec-
tra measurements were repeated ﬁve times.Results and discussion
The transmission electron microscopy (TEM) image of Ce3+–
Nd3+ co-doped YAG NPs cluster is shown in Fig. 1A. The high degree
of crystallinity of a selected region of the same sample is conﬁrmed
by high-resolution TEM (Fig. 1B and C). It reveals that 8–10 nm
YAG nanoparticles aggregated in 20–30 nm clusters were synthe-
sized. For application in bio-imaging, the physical size of the probe
deﬁnes the ability of the imaging agent to reach its intended target.
The results suggest that the co-doped NPs in this work are suitable
as the host of luminescence probe used to living tissue.
The phase purity and crystallinity of the as-prepared samples
were monitored by X-ray powder diffraction (Fig. 2A). All of the
diffraction peaks for non-doped sample are characteristic of a pure
cubic phase, and matched with standard data of YAG (Joint
Committee for Power Diffractions Standards, JCPDS Card 72-
1315). As the Ce3+ and Nd3+ ions doped in the samples, the stron-
gest diffraction peak of 420 shifts to smaller angle direction. In
addition, the dopant induces the trending of the XRD peaks’ split
(Fig. 2 B). It is known that Y3Al5O12 features Al3+ ions coordinated
to nearest-neighboring oxygens with octahedral and tetrahedral
point symmetry (a and d sites). The Y3+ ions (0.90 Å) occupy the
dodecahedral c site due to their smaller ionic radius. When the
Ce3+ (1.03 Å) and Nd3+ ions (1.04 Å) act as substitutional dopants
for Y3+ ions in the c sites, the larger radius of Ce3+ and Nd3+ ions
can cause a variation in the local lattice structure and the cell
parameters. The similar phenomenon was observed and discussed
in the Ref. [20]. The average grain size was calculated from the 420
peak using the Scherrer equation. The average co-doped YAG crys-
talline size is about 26 nm. The XRD result is in agreement with the
observations in TEM studies. The chemical compositions of co-
doped sample are revealed by XPS to evidence the doping with
desired amount of Nd3+ and Ce3+ ions (Fig. 2 C). The XPS data show
the presence of Al, Y, O, C, Nd and Ce in the YAG with 1% Ce3+ and
1% Nd3+ co-doped sample. In addition, the determined Y/Ce/Nd
atom ratio of 1.0/0.0081/0.0124 corresponds to the stoichiometric
atomic ratio (1.0/0.01/0.01).
Fig. 1. (A) Transmission electron microscopy (TEM) of YAG:1% Ce3+, 1% Nd3+ (B) shows a HR-TEM image of a selected region in the same sample. The insert (C) shows an
image of a mono-disperse YAG nanoparticle.
Fig. 2. XRD patterns of un-doped, singly doped and co-doped YAG samples (A) with the detail of the 33 peak (B) and XPS patterns of YAG:1% Ce3+, 1% Nd3+ (C).
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(PLE) spectra of single doped and co-doped YAG NPs are shown
in Fig. 3. The PL spectrum of co-doped YAG NPs by 470 nm shows
typical broad yellow emission of Ce3+ peaked at 526 nm in visible
spectrum range and three near-infrared emission peaks at about
890, 1066 and 1335 nm. The former is attributed to the transition
from the lowest 5d level to 2F5/2 or 2F7/2 of Ce3+, which is also
observed in the Ce3+ ions single doped YAG NPs. The PLE spectrum
by monitoring at 526 nm shows two broad excitation peaks at 340
and 470 nm. These excitation bands are involved with the elec-
tronic transitions from the ground state of Ce3+ (2F5/2) to the differ-
ent crystal ﬁeld splitting bands of excited 5d state of Ce3+ ion
[17,21]. Compared with organic dye or QDs excited by UV excita-
tion, the dominate excitation band of Ce3+ doped YAG NPs, peaked
at 470 nm, is in the blue wavelengths region, which may cause lessdamage to the cells and autoﬂuorescence of biological tissues.
Moreover, common lasers of 405, 457 and 488 nm, which are
equipped on the confocal microscope, can all excite the NPs [22–
23]. The near-infrared emissions are the typical emission of Nd3+,
corresponding to the 4F3/2? 4I13/2, 4I11/2 and 4I9/2 transitions,
respectively. The near-infrared emission of Nd3+ has deeper pene-
tration than yellow emission of Ce3+ [6,24–26]. It indicates that liv-
ing tissue could be imaged easily with a low concentration of this
probe. By monitoring the 4F3/2? 4I11/2 transition of Nd3+ at
1066 nm, an intense and broad band was observed between 400
and 520 nm in the PLE spectra, which assigned to the 4f to 5d tran-
sition of Ce3+. The observation of the Ce3+ 4f to 5d band in the exci-
tation spectrum of Nd3+ indicates that an energy transfer process
from Ce3+ to Nd3+ is existent. To prove the energy transfer from
Ce3+ to Nd3+, the Nd3+ or Ce3+ single doped YAG samples were also
Fig. 3. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of single doped and co-doped YAG NPs.
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near-infrared emissions of Nd3+ in Nd3+ single doped YAG and no
near-infrared emissions in Ce3+ single doped YAG sample.
In order to identify the energy transfer between Ce3+ and Nd3+
and investigate the NIR luminescence properties of co-doped
nanocrystals, the visible and NIR luminescence of different Nd3+
doping amount in the samples of Ce3+–Nd3+ co-doped YAG NPs,
excited by 470 nm laser diode, were also investigated (Fig. 4).
With increasing Nd3+ content, the emission intensities of Ce3+ at
520 nm decrease gradually. This result further conﬁrms that an
energy transfer occurs from Ce3+ to Nd3+. Intensity variation of
the Ce3+ emission (526 nm) and Nd3+ emission (1066 nm) with
the 1% Ce3+ and the series Nd3+ content shows the existence of
the energy transfer.
To gain further information on energy transfer processes
between Ce3+ and Nd3+, luminescence decay curves were recorded.
Life time measurements for Ce3+ 5d–4f emission (emission at
526 nm) in YAG with 1% Ce3+ and between 0% and 2% Nd3+ mea-
sured at room temperature on excitation at the Ce3+ 5d levelFig. 4. Visible emission spectra and emission spectra of YAG:1% Ce3+, x% Nd3+ (x = 0,
0.1, 0.3, 0.5, 1.0, 1.5 and 2.0) under 470 nm excitation.(470 nm) are shown in Fig. 5. The decay process of these samples
is characterized by an average lifetime, s, which can be calculated
using the following equation [27–29].
s ¼
R /
0 IðtÞtdðtÞR/
0 IðtÞdðtÞ
ð1Þ
where I(t) is the luminous intensity at time t. On the basis of Eq. (1),
the luminescence lifetimes of Ce3+ are determined to be 32.4, 23.1,
19.5, 17.4, 16.1 ns for the Nd3+ contents of 0%, 0.5%, 1.0%, 1.5% and
2.0%, respectively. The decrease in the lifetimes of Ce3+ with
increasing Nd3+ content strongly demonstrates an ET from Ce3+ to
Nd3+. The total decay rate (Wtot) of 5d levels in Ce3+ single doped
YAG sample is given by:
W tot ¼ AþWMP ¼ s1Ce ð2Þ
where A is the radiative rate, WMP is the multiphonon relaxation
rate, and sCe is the lifetime of 5d level in Ce3+ single doped YAG.
In Ce3+, Nd3+-codoped YAG NPs, the extra decay pathway from 5dFig. 5. Decay curves of Ce3+ emission for YAG:1% Ce3+, x% Nd3+ monitored at
526 nm. The insert shows the Nd3+ content dependences of lifetime for the 5d level
of Ce3+ and the ET efﬁciency from the 5d level of Ce3+ to the Nd3+.
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given by:
W tot ¼ AþWMP þWET ¼ s1Ce;Nd ð3Þ
whereWET is the energy transfer rate and sCe,Nd is the lifetime of 5d
level in Ce3+–Nd3+ codoped YAG. Therefore the energy transfer efﬁ-
ciency is given by:
gET ¼
WET
AþWMP þWET ¼ 1
sCe;Nd
sCe
: ð4Þ
The insert of Fig. 5 shows the Nd3+ content dependences of life-
time for the 5d level of Ce3+ and the ET efﬁciency from the 5d level
of Ce3+ to the Nd3+. With the increasing of Nd3+ content, the value
of gET increases gradually.
The energy transfer from Ce3+ to Nd3+ in phosphor may take via
electric multipolar interaction [18]. Thus, we apply energy transfer
kinetics to analysis the type of electric multipolar interaction in the
energy transfer of Ce3+ and Nd3+. The energy transfer kinetics of
quenching was described by [30]:
IðtÞ ¼ exp  t
sCe
 cA
t
sCe
 3=s" #
ð5Þ
where the multipolarity of interaction s = 6, 8 or 10 for dipole–
dipole, quadrupole–dipole and quadrupole–quadrupole interaction,
respectively. To study the multipolarity of Ce3+–Nd3+ interaction,
the decay curves of low concentration Ce3+ (0.1%) and x% Nd3+
(x = 0–2.0) doped samples were determined. The kinetics of impu-
rity quenching was deﬁnite by N(t) = Imeas(t)/exp(t/s0) [30] by
plotting in coordinates lg(ln Imeas(t)/exp(t/s)) as a function of
lg(t) (Fig. 6). From the ﬁtting data of the late stage of the kinetics,
the exponent of time parameter tgu tends to 0.5. We could found
that the multipolarity of interaction s = 6, which calculated by
tgu = 3/s. It means that, when Nd3+ co-doped with Ce3+, the main
Ce3+–Nd3+ energy transfer processes is a dipole–dipole energy
transfer process. It is known that, there is no self-quenching of
low concentration Ce3+ ions excited into the 5d1 level due to the
absence of appropriate cross-relaxation transitions in the excited
and unexcited Ce3+ ions [30–31]. In the present work, at higher con-
centrations of Ce3+ and Nd3+, owing to the existence of Ce3+–Ce3+
dipole–dipole energy migration existence, it may accelerate theFig. 6. The kinetics of impurity quenching lg(lnN(t)) as a function of lg(t)
originated from the 5d1 level of Ce3+ ion in YAG with 0.1% Ce3+ and x% Nd3+
nanoparticles (x = 0, 0.5, 1.0, 1.5 and 2.0) monitored at 526 nm and excited at
470 nm. The yellow solid line is a ﬁtting curve of YAG:0.1% Ce3+, 1.0% Nd3+. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)quenching rate of Ce3+ luminescence [30,32]. Because of the well
match of the 4G11/2 (21,700 cm1) level in Nd3+ with the Ce3+ tran-
sition of 2F5/2? 2D5/2, a dipole–dipole energy transfer quenching
process between Ce3+ absorption transition of 2D5/2? 2F5/2 and
the Nd3+ transition of 4I9/2? 4G11/2 occurs. Then the electrons on
the 4G11/2 state relax to 4F3/2 and ﬁnally transit to the ground state
of Nd3+, producing the NIR ﬂuorescence of 890, 1066 and 1355 nm
respectively [17,18].
As we showed above, the optical properties of Ce3+–Nd3+ co-
doped YAG NPs and the potential application in bio-imaging was
discussed. To satisfy the bio-imaging application, more research
details need to be improved or considered in the future:
 The surface modiﬁcation of YAG NPs should be investigated to
improve the biocompatibility for bio-imaging experiment. The
toxicity of YAG NPs should also be investigated.
 To broaden the NIR emission band and improve the NIR emis-
sion intensity, more down shifting rare earth ion pairs could
investigated in YAG NPs, such as Ce3+–Er3+, Ce3+–Tm3+.
 The excitation of Ce3+ at 470 nm is not in the ﬁrst window of tis-
sue. More rare-earth doped materials, which have both down
shifting and up-converting photoluminescence property excited
at 808 or 980 nm, should be investigated for biological imaging.
Conclusion
In summary, a new visible and NIR emissive Ce3+–Nd3+ co-
doped YAG NPs could be prepared by solvothermal method.
Under blue ray excitation at 470 nm, not only intense yellow emis-
sion from Ce3+ at about 526 nm but also NIR emission from Nd3+
ions at about 890, 1066 and 1335 nm could be observed. NIR emis-
sion of Nd3+ mainly comes from the efﬁcient dipole–dipole energy
transfer from Ce3+ to Nd3+ in YAG host, and the near-infrared emis-
sion of Nd3+ has deeper penetration than yellow emission of Ce3+.
With increasing Nd3+ ion concentration, the energy transfer efﬁ-
ciency (gT) is observed to increase gradually, and even reach up
to 50%. Because the common lasers of 405, 457 and 488 nm can
all excite Ce3+–Nd3+ co-doped YAG NPs, the optical properties of
such NPs indicated the great foreground in visual and near-infrared
band labeled biological probes technique as well as biological
imaging technique. Future studies will focus on the modiﬁcation
of the Ce3+–Nd3+ co-doped YAG NPs with biomolecules for in vivo
animal biological imaging.
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